A simultaneous fabrication process of multiple nanogap electrodes at desired gap separations by the technique of molecular ruler electroless gold plating (MoREP) is reported. Initial gold nanogap electrodes with a gap separation of 22 nm were immersed into MoREP solutions consisting of chloroauric acid, surfactant molecules of alkyltrimethylammonium bromide (C n TAB, n ¼ 12-18) and ascorbic acid as a reducing agent. The electroless plating locally self-terminates between the gap when the surfactant molecules physisorbed to the surface of one electrode interdigitate with the ones of the opposite electrode. The mean nanogap separation correlated with the alkyl chain length, and can be controlled between 2.5 AE 0.6 and 3.3 AE 0.8 nm by choosing the alkyl chain length of the surfactant molecules (C 12 -C 18 ). A double-gate single-electron transistor (SET) was chemically assembled by introducing chemically a synthesized gold nanoparticle into the MoREP nanogap electrodes, and showed stable
Introduction
As the sizes of nanodevice features decrease to a few nanometers, the integration of functional components into macroscopic electronic circuits presents formidable challenges. [1] [2] [3] Bottom-up processes have been implemented to connect traditional top-down processes in order to utilize molecules and nanoparticles with specic functions such as negative differential resistance, 1,4,5 rectication, 1,6-8 memory effects, [9] [10] [11] and single-electron phenomena. [12] [13] [14] [15] Nanogap electrodes are promising platform for nanodevices because the single nanometersized components can be directly wired between the electrodes in the approach toward solid-state nanodevices. 16 Several fabrication techniques for nanogap electrodes have been studied: mechanically controllable break junctions, 3, 12, 17 electromigration, 13, 15, 18 oblique metal evaporation with shadow masks, 14, 19 electron beam lithography (EBL), 20 and electrochemical methods. 21, 22 For practical application, nanogap electrodes must be fabricated simultaneously with high precision. 16 Electroless plating is a promising technique for the fabrication of integrated nanogap electrodes. 4, [23] [24] [25] Recently, we established the electroless gold plating (ELGP) technique for the mass production of the robust nanogap electrodes with gap separations of 5 nm or less in 90% yield. 25 This ELGP technique is based on a surface-catalyzed chemical deposition of elemental gold. In this process, Ti/Au nanogap electrodes are patterned by EBL with an initial gap separation of $22 nm. To grow a gold layer over the electrode surfaces, they are immersed in an ELGP solution made by mixing gold foil, the common antiseptic tincture of iodine and L(+)-ascorbic acid. The growth of the electroless plated layer selfterminates when a gap separation of less than 5 nm is reached, because the mass transport of the gold ions is restricted by the diffusion limit in this narrow space. 25 The plating conditions are optimized, and thus robust nanogap electrodes can be simultaneously fabricated with a mean separation (m) of 3.0 nm and a standard deviation (s) of 1.7 nm in 90% yield. 25 Using the ELGP nanogap electrodes, we fabricated chemically assembled single-electron transistors (SETs) in which a single synthesized gold nanoparticle was chemisorbed between the nanogap electrodes as a Coulomb island using alkanedithiol anchor molecules. [26] [27] [28] [29] The resulting assemblies exhibited uniform charging energy, 26 double side-gated logic operations, 27 discrete energy levels for the Au nanoparticles, 28 and SiN x passivated SETs. 29 However, it is well known that even a variation as small as 0.1 nm in a tunneling barrier can modify the tunneling resistance by one order of magnitude. In terms of single-molecule devices, recent studies have also reported that only a 0.1 nm change in the distance between an electrode and a single molecule strongly affects the electrical transport of the molecule. 2, 3 As the sizes of functional molecules are unique, much higher controllability of the nanogap separationon the order of sub-nanometer precisionis required to reproducibly fabricate specic structures for nanodevice applications.
Mixtures of surfactants, ionic gold, and weak reductant (L(+)-ascorbic acid) have been used as ELGP solution for the growth of typically shaped nanostructures. By introducing surfactant molecules, the shape and nanogap separations of the Au nanomaterials can be controlled. [30] [31] [32] [33] [34] It is reported that an uniform separation between overplated nanocubes is maintained in a few nanometers in length, and that this uniform separation could be attributed to the surfactant molecules. 32 However, the chain-length dependence of the separation has not been discussed. We conceived that an ELGP solution with surfactant molecules would be useful for the precise gap separation control of nanogap electrodes.
In this paper, we introduce an ELGP technique which we term molecular ruler electroless plating (MoREP), which more precisely controls the separation of the nanogap electrodes. Four alkyltrimethylammonium bromides-dodecyltrimethylammonium bromide (C 12 TAB), tetradecyltrimethylammonium bromide (C 14 TAB), hexadecyltrimethylammonium bromide (C 16 TAB), and octadecyltrimethylammonium bromide (C 18 TAB)constituted the surfactant components of MoREP solution. We correlate the alkyl chain length of the surfactant molecules with the mean nanogap separation. We discuss the self-termination mechanism that occurs during MoREP based on the interdigitation of the surfactant molecules. A double-gate SET was also fabricated to demonstrate the usability of the MoREP nanogap electrodes.
Results and discussion

Electroless plating with surfactant
UV-visible absorption spectroscopy was used to monitor changes in the plating solution; the spectra and a step-wise schematic diagram of the entire chemical reactions are shown in Fig. 1a and b, respectively. In the UV-vis absorption spectrum of the initial HAuCl 4 solution, the absorption at 288 nm (blue solid line) disappears aer adding the surfactant C 12 TAB (red solid line). A new peak at 380 nm and a shoulder at 450 nm appear, providing clear evidence of the transformation of the [AuCl 4 ] À ions into [AuBr 4 ] À ions. 35, 36 Therefore, the rst step comprises the ligand substitution of the Cl À ions in [AuCl 4 ] À by Br À ions, as given by reaction (1) .
[AuBr 4 ] À + 2e À / [AuBr 2 ] À + 2Br À
[AuBr 2 ] À + e À / Au 0 + 2Br À
Aer adding 0.1 M L(+)-ascorbic acid into the plating blend, the solution becomes colorless and transparent (cf. Fig. 1a , green solid line). Mechanistically, the L(+)-ascorbic acid provides two e À upon its dehydration and transforms [AuBr 4 ] À into [AuBr 2 ] À . 36 This can be written as reaction (2) .
Concomitantly, the third surface-catalyzed chemical reaction proceeds in which the Au + ions in the gold bromide complexes are reduced to the elemental state (Au 0 ) as in reaction (3). This surface-catalyzed chemical reaction is accelerated due to the negative electrostatic charge on the gold electrodes by the ascorbic acid, which induces the direct reduction of [AuBr 2 ] À . 32, 33, 37 Therefore, when we immerse a sample with clean Au electrodes in the solution, additional gold is electroless plated onto the gold surfaces.
Typical ultra-high resolution scanning electron microscopy (SEM, Hitachi SU8000) images of the nanogap electrodes before and aer ELGP with C 18 TAB are shown in Fig. 2a . From the cross-sectional pixel intensities of the images (Fig. 2b) , we accurately determined the nanogap separation at 0.5 nm resolution. Fig. 3a shows SEM images of the nanogap electrodes aer 30 min ELGP processing at different temperatures in the case of C 12 TAB. At 40 C, the growth of the plating layer is faster over a larger area. This is because the reduction of [AuBr 2 ] À plating ions is so rapid that Au clusters are generated in the solution. The cluster can physisorb directly on the Au electrodes, which results in corrugated surface or unintentionally interconnected electrodes.
Temperature dependence of electroless plating rate
Between 50 and 77 C, ELGP process proceed in a good manner as shown in Fig. 3a . The development of surface roughness was suppressed and smooth electrodes surfaces were obtained. The growth rates were calculated for every 30 nanogap electrodes at the temperatures ranging between 50 and 90 C, and are shown in Fig. 3b . The growth rates decrease as the plating temperature increases. This dependence is attributed to the nonuniform bilayer that is expected to form over the electrodes by the alkyltrimethylammonium bromide component, which can be destabilized by increasing the temperature. 38, 39 At temperatures over 80 C, the growth of the electrodes lessens and some etching of the initial electrodes is observed ( Fig. 3a and b ). At this temperature, the stability of the system is achieved not by the reduction of the plating ions but by the oxidation of [Au 0 ] into [AuBr 4 ] À which is unintentionally promoted and Au atoms on the electrode surfaces dissolve into the solution. 40 If L(+)-ascorbic acid becomes insufficient during the ELGP process, especially at the surface of the Au electrodes, the reverse process of plating will occur instead. 25 Consequently, the temperature of the electroless plating solution plays an important role, not only in determining the rate of the plating reaction. 32, 37, [41] [42] [43] Fig . 4 shows the SEM images of typical nanogap electrodes plated using the C 12 TAB, C 14 TAB, C 16 TAB, and C 18 TAB surfactants in the electroless plating processes. As shown in Fig. 2a , the initial electrode width was 50 nm. In Fig. 4 , the typical electrode widths were between 80 and 100 nm. The electroless plated thickness was estimated as 15-25 nm. On the other hand, the initial gap separation was about 22 nm. As the gap separation narrows both electrodes' sides, the assumed total electroless plated thickness between the gap is clearly larger than the initial gap separation. Consequently, the growth of the electroless plated layer selfterminated during the electroless plating processes. Fig. 5 shows histograms of the nanogap separations for the four surfactants. The mean nanogap separations aer ELGP clearly depend on the introduced surfactant and widens with the increasing number of carbon atoms in the surfactant alkyl chain. The plating solution temperature at which to obtain a clear self-terminated nanogap separation was different for each of the surfactants. The temperatures given in the gure indicate the solution temperature employed during the electroless plating processes, which were optimized for each surfactant molecule. The longer surfactant molecules required higher plating temperatures. This variation in the optimal temperature is evidence of the fact that the lengthening of the alkyl chain increases the total attractive interaction between the surfactant tail ends. Therefore, higher thermal energy is required to destabilize the surfactant molecular layer on the gold electrode surface so that the ow of [AuBr 2 ] À plating ions to the gold surface is allowed.
For the self-terminated growth of nanogap electrodes, the criterion of a uniform parallel shape in the separation must be met. As shown in Fig. 4 , this criterion was achieved, which proves that electrode growth was limited at the end of the electroless plating process.
Alkyl chain length dependence of nanogap separation
The dependence of the mean nanogap separation m on the number of carbon atoms in the alkyl chain of C n TAB is shown in Fig. 6 for C 12 TAB to C 18 TAB. The nanogap separations range On the contrary, the length of the surfactant molecule C n TAB (L n ) is estimated as L n ¼ 0.127n + 0.33 nm. [44] [45] [46] [47] [48] Controllability of the nanogap separation by the surfactant molecules is explained as follows. If bare gold electrodes are immersed in the ELGP solution, the head groups of the surfactant molecules electrostatically physisorb with the gold electrode surface. 49, 50 This electrostatic bonding property is reversible and allows the electroless plating layer to grow by the reduction of [AuBr 2 ] À ions on the surface when the surfactant molecules are detached. As shown in Fig. 6 , the mean nanogap separations aer ELGP by using the C 12 TAB, C 14 TAB, C 16 TAB, and C 18 TAB surfactants were 2.49, 2.99, 3.19 and 3.31 nm, respectively. Fig. 7a shows surfactant molecule dependence of the magnied cross-sectional diagrams at their nanogaps. It notes that the surfactant molecules between the nanogap electrodes interdigitate each other, since m is larger than L n and is smaller than 2L n . Assuming perpendicular orientation of C n TAB, the overlap ratios ((2L n À m)/L n ), n ¼ 12, 14, 16, and 18 are estimated as 54, 46, 53, and 62%, respectively (Fig. 7b ). Due to the bulky tail group of C n TAB, the surfactant molecules should be adsorbed with tilt angle beside substrates. 44, 48 As a result, the overlap ratios become smaller than the estimated values, however, the alkyl chains of the surfactant molecules should be interdigitated with those from the opposite electrode at the nanogap. Interdigitation suppresses molecular mobilities by van der Waals interactions, thus decreasing the plating growth rate and facilitating self-termination. Consequently, the nanogap separations in the ELGP processes are precisely ruled by the interdigitation of the surfactant molecules as shown in Fig. 7b , therefore this ELGP process should be named as molecular ruler electroless plating (MoREP). Compared to our previous electroless plating technique that used tincture of iodine and resulted in m ¼ 3.0 AE 1.7 nm, 25 both m and its standard deviation s are clearly decreased in the case of C 12 TAB (m ¼ 2.5 AE 0.64 nm).
As shown in Fig. 7b , the surface of the MoREP nanogap electrodes is covered by the surfactant molecules. As the electrostatic physisorption of the surfactant molecules is apparently weaker than the covalent bond between gold and sulfur, 51,52 the surfactant molecules can be replaced with alkanethiols only by immersing the sample into their solutions.
To better understand the structure of the nanogap electrodes and the uniformity of the MoREP process, parallel nanogap electrodes were developed as shown in Fig. 8 . Aer the MoREP process, uniform gap separation and smooth surface can be clearly observed (Fig. 8c ). The tilt view enables us to see that uniform separation can be obtained from the bottom to the top of the electrodes (Fig. 8d ). These three nanogap electrodes are not short-circuited. This uniform parallel separation is a critical advantage for nanodevice applications such as single-electron transistors and molecular devices. Insulation breakdown between the electrodes is a possibility and will be allocated where the interface bottle-necks by the closest approach; thus, the randomness of the separation limits the applicable voltage between the nanogap electrodes. Voltages higher than 1 V are required to utilize the intriguing properties of functional organic molecules. 5, 9, 10 This means that nanogap electrodes must withstand huge electric elds on the order of 4 MV cm À1 in the case of a 2.5 nm gap. Therefore, the uniformity of the nanogap separation can affect the decisive breakdown voltage of the devices and their stable operation.
Application of MoREP nanogap electrodes for SETs
To prove the compatibility of the nanogap electrodes made by MoREP in nanodevice applications, we fabricated a double sidegated SET using the MoREP nanogap electrodes. Inset of Fig. 9a shows the SEM image of the double side-gated SET consists of the MoREP nanogap electrodes and a single gold nanoparticle (NP). Aer the preparation of the MoREP nanogap electrodes with C 18 TAB, the chemical assembly processes for SETs were employed the same as previous our reports. [26] [27] [28] Between the MoREP nanogap electrodes, the single NP clearly be observed, that behaves as Coulomb island. Fig. 9a shows the I d -V d characteristics at two gate voltages, V g1 ¼ 10 V and À1.0 V, where the fractional residual charges on the nanoparticle Q 0 have values of e/2 (on state) and 0 (off state), respectively. Clear Coulomb staircases were observed, which can be fully explained by the conventional orthodox theory for a single-dot SET system. 53, 54 The equivalent circuit of the double-gated SET is shown in Fig. 9a (inset) . The SET circuit parameters are the capacitance between the Au nanoparticle core and the source electrode (C 1 ) or the drain electrode (C 2 ), the tunneling resistance between the Au nanoparticle core and the source electrode (R 1 ) or the drain electrode (R 2 ), and the gate capacitance to the two side-gate electrodes (C g1 and C g2 ). The theoretical curves obtained by the orthodox theory are in good agreement with the experimental result, using the parameters C 1 ¼ 1.65 aF, C 2 ¼ 1.40 aF, R 1 ¼ 24 MU, and R 2 ¼ 320 MU. Fig. 9b and c show the experimental differential conductance dI d /dV d plots in the gate 1 voltage V d -V g1 and the gate 2 voltage V d -V g2 planes, respectively. Identical stable Coulomb diamonds can be observed in both side-gate electrodes. The stable characteristics are a result of the chemically assembled Au nanoparticle anchored by decanedithiol (C 10 S 2 ) in the mixed self-assembled monolayers (SAMs) of octanethiol (C 8 S) and C 10 S 2 . The gate capacitances C g1 and C g2 are evaluated as 7.5 and 8.6 zF from the width of the Coulomb diamond along the V g axis. These values imply symmetrical structures from the gold nanoparticle to the two side-gates. We attribute this symmetrical structure to the uniformity of the nanogap electrodes prepared by the MoREP process. This symmetrical structure is important for realizing logic gates using double-gated SETs because every switching voltage to the side-gate inputs can be identical. 27 We believe the MoREP process enables the symmetrical interconnection of a nanoparticle to harness its electrical properties for integration as double-gated SETs.
The previously reported ELGP technique based on iodine tincture allow us to develop the necessary templates for the assembly of SETs at the mean gap separation of 3.0 nm, 25 stable at room temperature, and atmospheric pressure, and towards O 2 plasma treatments. We conrmed that the structure of the nanogap electrodes developed by MoREP present all these characteristics with the great advantage of controllability at the smaller gap separation (m ¼ 2.5 nm) with smaller standard deviation of 0.64 nm (in the case of C 12 TAB) which approaches the requirements of sub-nanometer precision in fabricating reproducible single-molecular devices. 2, 3 Consequently, nanogap electrodes made by MoREP are promising not only for the simultaneous fabrication of nanodevices but for identical transports based on the electronic and structural properties of nanomaterials.
Experimental
Nanogap electrodes fabrication and plating process
Fabrication began with the development of the initial nanogap electrodes. A pattern was drawn by EBL (Elionix, ELS-7500EX) with a gap separation of $22 nm. The electrodes consist of a 2 nm Ti adhesion layer on a Si/SiO 2 substrate, patterned by EBL and overlaid by a 10 nm layer of Au by evaporation. Aer the electron-beam resist li-off process, the Au surface was cleaned by sequential treatment with boiling acetone, boiling ethanol, and ultrasonic deionized water baths. Finally, the complete removal of any contaminants on the gold electrodes was achieved by isotropic oxygen plasma treatment for 5 min and UVozone cleaning for 10 min.
The plating solution was prepared by rst combining an alkyltrimethylammonium bromide surfactant (to interact with the electrode surface) with chloroauric acid (HAuCl 4 $4H 2 O, 99.9%, Wako Pure Chemical Industries Ltd.), followed by addition of the L(+)-ascorbic acid reducing agent. The four surfactants [dodecyltrimethylammonium bromide (C 12 TAB), tetradecyltrimethylammonium bromide (C 14 TAB), hexadecyltrimethylammonium bromide (C 16 TAB), and octadecyltrimethylammonium bromide (C 18 TAB)] were purchased from Tokyo Chemical Industry Co. Ltd. A sample preparation follows: chloroauric acid (50 mM, 120 ml) and aqueous alkyltrimethylammonium bromide (25 mM, 28 ml) were mixed with magnetic stirring, affording a color change in the solution from transparent yellow to opaque orange. Then, aqueous L(+)-ascorbic acid (0.1 M, 3.6 ml, 99.6%) was added and the solution became colorless and transparent. A small amount of acetic acid (1, 1.5, 2 and 2 ml for C 12 TAB, C 14 TAB, C 16 TAB, and C 18 TAB surfactants, respectively, WAKO) was added in the solution to depress the growth rate. 40 All of the solutions used in these processes were prepared with distilled and de-ionized water (18 MU).
The initially prepared electrodes with 22 nm gaps were immersed into the plating solution which is in a beaker over a hot plate with magnetic stirring. The hot plate allowed us to control the plating temperature for each particular surfactant molecule, with a range of 60 to 80 C and stirring helped provide a constant supply of plating ions at the gold surface. Aer 30 min immersion, growth of the plating layer over the electrodes was self-terminated as a result of the interdigitation of the surfactant molecules.
SET fabrication and electrical characterization
MoREP nanogap electrodes were chemically assembled into double side-gated SETs as previous reports. [26] [27] [28] The SEM images of the MoREP nanogap electrodes were observed before the introduction of Au NPs. As amorphous carbon was deposited onto the surface of the nanogap electrode during the observation of SEM images, the amorphous carbon was removed by O 2 plasma treatment. The substrate was immersed in C 8 S (1 mM in ethanol) for 24 h, and then in C 10 S 2 (500 mM in ethanol). Finally, the substrate was immersed in a toluene solution of the decanethiol protected Au NPs, whose core diameters of 6.2 AE 0.8 nm, as estimated by transmission electron microscopy. [26] [27] [28] The electrical characteristics of the devices were measured at 9 K using a mechanical refrigerator-type probe (GRAIL10-LOGOS01S, Nagase Techno-Engineering Co., Ltd., Japan) and a semiconductor device analyzer (B1500, Agilent, USA). The value of dI d /dV d was derived by numerically differentiating the I d -V d curve directly. The theoretical curves are calculated by orthodox theory. [53] [54] [55] 
Conclusions
The molecular ruler electroless plating (MoREP) process for the fabrication of precise gold nanogap electrodes at desired gap separation was demonstrated. A gold layer grows over the electrode surface during MoREP, and the narrowing gap separation was self-terminated based on the interdigitation of the surfactant molecules between the electrodes. As the gap separation was correlated to the length of the alkyl chain, it can be controlled between 2.5 AE 0.6 and 3.3 AE 0.8 nm by choosing the alkyl chain length of the surfactant molecules (C n TAB, n ¼ 12-18). The mean nanogap separation of 2.5 nm is also smaller than that of our previous paper (3.0 AE 1.7 nm). A chemically-assembled double-gate single-electron transistor was fabricated to demonstrate the usability of the MoREP nanogap electrodes, which exhibit ideal, stable, and reproducible Coulomb diamonds. MoREP, with the ability to control nanogap separations with standard deviations of less than one nanometer, allows us to prepare made-to-order nanogap electrodes by adjusting gap separations to the sizes of the nanoparticles and functional molecules, for the fabrication of ideal single nanoscale solid state devices.
